Abstract-A method of designing smart antennas based on switched parasitic antenna arrays is presented in this paper. The direction of maximum gain can be controlled by a digital word, while the selection of element spacing and weighting is optimized using the method of genetic algorithms. Various results are presented to show how antennas of this type perform, outlining the advantages and limitations of their design.
INTRODUCTION
Electronic beam steering can be used in mobile applications to enhance spectrum efficiency as well as reduce the problems associated with multipath propagation. Switched parasitic smart antenna arrays have the ability to adjust their radiation pattern in a way that their main beam always points at the direction of the mobile receiver or transmitter. Simply inserting an appropriate digital word in the antenna's feeding circuit can do this. The 1's and the 0's in the digital word represent the active and parasitic elements in the array, respectively. There are 2 N − 1 possible combinations of 1's and 0's (Nnumber of elements) with each one of them giving a radiation pattern with its own characteristics. Because of the symmetry of each radiation pattern, the design of the antenna aims at the coverage of the azimuth plane above the x-axis, meaning offering directions of maximum gain every 20 • between 0 • and 180 • . Each one of the main beams may be produced simply selecting the combination of active and parasitic elements, which results in the desired radiation pattern. The wellknown genetic algorithms may carry out the evaluation of the element spacing and weighting, which optimize the antenna performance.
Genetic algorithms (GA's) are a class of search techniques that use the mechanics of natural selection and genetics (crossover, mutation) to conduct a global search of a solution space [1] . Other optimization techniques (such as gradient descent methods) are suitable for problems that have a small number of parameters and, hence, a small solution space, because of their ability to search a region of the solution space around the initial guess for the best local solution. However, as the number of parameters and the size of the solution space increase, gradient methods often get stuck at poor solutions, if the initial guess falls in a region full of poor solutions [2] . A typical multiparameter problem is the design and synthesis of antennas, where a set of performance criteria, such as gain, maximum sidelobe level and beamwidth, should be met. The difficulty of providing a good initial guess makes other optimization methods inappropriate and underlines the need for the ability that GA's exhibit to conduct a global search of the solution space [3] . This paper presents a method of electronic beam steering using switched parasitic antenna arrays. Various efforts have been made in the past to use both active and parasitic elements to achieve electronic beam steering [4] [5] [6] . The interesting part of this method is the insertion of a digital word to control the antenna radiation pattern and the optimization of the antenna design using GA's.
GENETIC ALGORITHMS FOR ANTENNA DESIGN
Genetic algorithms search the solution space of a function through the use of simulated evolution. In general, the fittest individuals of any population tend to reproduce and survive to the next generation. However, inferior individuals can, by chance, survive and also reproduce. Genetic algorithms have the ability to explore all regions of the state space through selection, crossover and mutation operations applied to individuals in the population [7] .
The selection of individuals plays an important role in a genetic algorithm. A probabilistic selection is performed based on the individual's fitness, in a way that the better chromosomes have an increased chance of being selected. Roulette wheel is the type of selection considered here. The probability P i for each individual is defined by
where f i the fitness of individual i
f j the average population fitness
Elitism is also taken into account with at least one copy of the best individual of the population being passed to the next generation [7] . Genetic operators provide the basic search mechanism in the GA. Crossover takes two individuals and produces two new individuals while mutation alters one individual to produce a new solution. For binary chromosomes, simple crossover and binary mutation are considered [7] . Simple crossover generates a random number r from a uniform distribution from 1 to m (chromosome length) and creates two new individuals according to the following equations:
Binary mutation flips each bit in every individual in the population with probability p m according to equation (4)
The objective function is the driving force behind the GA. It is called from the GA to determine the fitness of each solution string generated during the search. The objective function here is the number of different directions of maximum gain every 20
• between 0 • and 180
• ) among the 2 N − 1 radiation patterns. Directions of maximum gain which appear more than once do not change the value of the objective function, but are all available so that the designer selects the best of them, after the design of the antenna. For instance the fitness of an individual (i.e., element spacing and weighting) that gives at least one direction of maximum gain at 10
• , 50
• , 90
• , 130
• and 170
• of the azimuth plane is equal to 5. The goal is to find an individual with fitness equal to 9, which offers beamwidths of at least 20 • and relative sidelobe levels not more than −3 dB.
SWITCHED PARASITIC ANTENNA ARRAYS: BASIC THEORY
The mathematical model for the antenna factor of an array of N dipoles is given by [8] AF (θ, φ) = The antenna factor of a linear array lying along the x-axis, which has been used in the subsequent calculations, can be expressed as
where As for cos ψ m , it is given by (6) for θ m = 90
The antenna factor for the x-y plane (θ = 90 • ) is given by
The radiation pattern for the azimuth plane can be expressed as
where
If each element is a dipole of length L, U 0 is given by
The excitations I m (m = 1, . . . , N ) at the input terminals (mutual coupling induces the input currents of the parasitic elements) are related to the terminal voltages of the elements by the impedance matrix Z:
The terminal voltages of the active elements can be taken equal to each other and those of the parasitic elements are equal to zero, so the digital word inserted in the antenna's feeding circuit is the normalized voltage vector.
Through (12a), the terminal voltage of any one element can be expressed in terms of the currents flowing in the others:
where Z nm represents the mutual impedance between elements n, m (n = m) or the self impedance of element m (n = m).
The self impedance (referred to at the input current I i ) of a dipole of length L, is given by [8] where
the current distribution E z the tangential electric field along the surface of the dipole and a the dipole radius
The mutual impedance (referred to at the input current I 1i of dipole 1) between two parallel dipoles at a distance d as shown in Fig. 3 , is given by [8] 
where V 21 the voltage induced in dipole 2 because of the current flowing in dipole 1 E z21 E-field component along the surface of dipole 2 radiated by dipole1, which is parallel to dipole 2 I 2 current distribution along dipole 2
The equations (13) and (15) can be solved and give the self and mutual impedance as functions of the ratios 
NUMERICAL RESULTS
The objective of the present design has been the coverage of the azimuth plane above the x-axis, offering directions of maximum gain every 20
• . As an example, a switched parasitic smart antenna linear array of 10 dipoles was used, each one of them having length equal to λ 2 and radius a = 0.001λ. To determine the element spacing and weighting of the array, a GA was run until an individual with fitness equal to 9 was found. To be more precise, for each individual, the 2 10 − 1 = 1023 radiation patterns available were checked (one for every combination of 1's and 0's in the digital word). The requirement was that at least 9 of them should have their main beams pointed at all possible directions every 20
• (i.e., one combination having its main beam pointed at 10 • , another at 30 • , etc.). In addition, beamwidths of at least 20
• and relative sidelobe levels not more than −3 dB were expected. The GA evaluated the element spacing and weighting which fulfilled the requirements of the design. Table 1 shows the element spacing and phases δ m (w m = e jδm the array weight at element m). Table 2 shows the 9 digital words (each one of them representing a different direction of maximum gain), that were selected from a total of 46 digital words available. The reason for their selection was that they gave the best possible combinations of narrow beamwidths and low relative sidelobe levels. As one may see in Table 2 , the directions of maximum gain were allowed to have a maximum deviation of ±2 • from the desired direction (e.g., 8 .205 • instead of 10
• , etc.). It is also obvious that the beamwidths proved to be much wider than expected, with their values varying from 16
• to 98
• (mean value at 51.7 • ). As for the R.S.L's, they achieved satisfying values (even less than −7 dB), and their mean value was calculated at −4.7 dB. A very important parameter of a switched parasitic antenna array is the evaluation of the input impedance to each active element of the Table 2 . Directions of maximum gain, beamwidths and relative sidelobe levels. The results of these calculations, for all the digital words in Table 2 , are shown in Tables 3-5 . To achieve impedance matching at each element of the array, the well-known stub configuration, shown in Fig. 4 , was used. Z L represents the input impedance and Z 0 was taken equal to 50Ω. For example, the first element of the array is active in four different voltage vectors. This means that the feeding line of the element should be connected through four on/off switches to four stubs. Depending on the digital word inserted in the antenna's feeding circuit, one stub should be "on" and the three others should be "off ". The same procedure should be followed for all the elements. The results, meaning the values of l and h (see Fig. 4 ) for each stub, are shown in Tables 6-8 . Table 6 . Parameters l, h for the stub impedance matching configuration (I). 
The initial target of the present design was to cover the x-y plane above the x-axis with 9 radiation patterns. The radiation pattern of a linear array of 10 dipoles of lengths equal to λ 2 , taking into account (10) and (11), is given by
The polar diagrams of (U(φ), φ), for the combinations of active and Table 7 . Parameters l, h for the stub impedance matching configuration (II). Table 8 . Parameters l, h for the stub impedance matching configuration (III). 
parasitic elements shown in Table 2 , are realized in Figs. 5-13. One easily observes that the narrower diagrams are the ones given in Figs. 7-11. The reason is that for each of the directions nearer to the x-axis (i.e., 10
• , 30
• , 150
• , 170
• ), the symmetry results in two symmetric beams which are not clearly distinguished. In Fig. 6 , for example, there are two symmetric beams at +28.864 • and −28.864 • and U (0) is only 1 dB lower than the maximum value. • (V = 0100011100). Table 10 . Directions of maximum gain, beamwidths and relative sidelobe levels. Finally, an effort was made to increase the number of elements (from 10 to 11) and compare the new solution to the previous one. This new solution (found after running a GA and following a procedure similar to the one described before) is shown in Tables 9,  10. Comparing Tables 2 and 10 , one may notice that the average beamwidth using 11 elements is reduced from 51.7
• to 40.9
• , without decreasing of the main to secondary sidelobe ratios (−4.7 dB using 10 elements and −4.4 dB using 11 elements). An interesting point is that the beamwidth for 30
• is impressively narrower than the one produced with the 10-element array (i.e., 23.88
• compared to 98.64 • ). This means that by increasing the number of elements in the array, one can achieve narrower beamwidths and perhaps eliminate the bad effects of symmetry for the patterns with maximums at 10
• .
CONCLUSIONS
Switched parasitic smart antenna arrays achieve electronic beam steering by choosing the appropriate combinations of active and parasitic elements. Genetic algorithms make it possible to design a ten-element linear array, which can cover the azimuth plane above the x-axis with nine radiation patterns. Each one of them points its main beam at a different direction, all between 0 • and 180
• . The average beamwidth is approximately 50 • , much higher than the least required value of 20
• . Narrower beamwidths occur by increasing the number
